Stem cells can be obtained from women's menstrual blood derived from the endometrium. The cells display stem cell markers such as Oct-4, SSEA-4, Nanog, and c-kit (CD117), and have the potent ability to differentiate into various cell types, including the heart, nerve, bone, cartilage, and fat. There has been no evidence of teratoma, ectopic formation, or any immune response after transplantation into an animal model. These cells quickly regenerate after menstruation and secrete many growth factors to display recurrent angiogenesis. The plasticity and safety of the acquired cells have been demonstrated in many studies. Menstrual blood-derived stem cells (MenSCs) provide an alternative source of adult stem cells for research and application in regenerative medicine. Here we summarize the multipotent properties and the plasticities of MenSCs and other endometrial stem cells from recent studies conducted both in vitro and in vivo.
Introduction
Stem cells are defined as undifferentiated cells that are able to replicate themselves without differentiating (self renewal). Under some specific conditions, they can be induced to differentiate into various functional cell lineages, including adipocytes, chondrocytes, osteoblasts, smooth muscle cells, cardiomyocytes, neurons, and hepatocytes.
Depending on the stage of development, stem cells can be classified as either embryonic stem cells or adult stem cells (or somatic stem cells). Since the establishment of the first mice embryonic stem cell lines (Evans and Kaufman, 1981) , researches on embryonic stem cells and the mesenchymal stem cells have shown great promises for cell-based therapeutics, such as wound healing (Fu et al., 2006; Lau et al., 2009; Luo et al., 2010) , restoration of brain dopamine levels in a murine Parkinson's model (Wolff et al., 2010) , acceleration of blood glucose levels (Piacibello et al., 1999; Arai et al., 2004) , treatments of spinal cord injury (Nandoe Tewarie et al., 2006; Vaquero and Zurita, 2009; Yamazaki et al., 2010) and a number of other diseases (Patel et al., 2005; Pitini et al., 2006; Vilquin and Rosset, 2006; Granero-Molto et al., 2008; Borlongan et al., 2010; Lee et al., 2010; Yang et al., 2010) . However, embryonic stem cell studies face the hurdles of teratoma formation and the ethical controversies over the creation, usage, and destruction of human embryos. Being totipotent cells, embryonic stem cells can differentiate into many different types of cells and may cause a teratoma if injected directly into another body. One alternative is to explore the application of somatic stem cells and determine their full potential.
One of the methods for obtaining multipotent stromal stem cells is through extraction of bone marrow mesenchymal cells. This, however, poses a significant challenge in that the procedure is extremely invasive and would strictly limit the use of the cells in research. To circumvent this problem, a highly proliferative stem cell was identified in menstrual blood. It is a multipotent stromal stem cell from the endometrium maintaining the potential to differentiate (Meng et al., 2007) . Here we review the advancement on endometrial stem cells (or menstrual blood-derived stem cells, MenSCs), which can exhibit stem/progenitor cells properties in vitro. Our animal studies show that the human endometrial stem cells can repair several types of damaged cells in vivo (unpublished data). Human stem cells harvested directly from endometrium were first described by Gargett (2004) .
Generation and characteristics of MenSCs
Mesenchymal stem cells can be obtained from the uterus in a variety of ways including hysterectomy, diagnostic curettage, menstrual blood, and firsttrimester decidua (Schüring et al., 2011) . To date, the most convenient source of stem cells is isolated from menstrual blood. It is obvious that human endometrium shows a strong ability to regenerate, but the cellular sources that are responsible are still not understood (Aghajanova et al., 2010) . Thus, it is important to study the nature of these cells in order to reveal their functions.
Inactive endometrium contains clonogenic epithelial and stromal cells that were demonstrated for the first time by Schwab et al. (2005) . Endometrial stem cells, which were isolated from menstrual blood, also possess the adult stem cell-like characteristics of self-renewal, high proliferative potential in vitro, and the ability to differentiate towards diverse cell lineages in the induction media (Meng et al., 2007) . Menstruation occurs typically about every 28 d in fertile women and some other female primates. During this period of time, the uterus experiences cyclical changes of endometrial thickening, vascular proliferation, glandular secretion, and endometrial growth, followed by the shedding of the functionalis of the endometrium. The menstrual cycle is regulated by hormone levels, primarily progesterone and estrogen in the proliferative and secretory phases (Toyoda et al., 2007) . As hormone levels drop, endometrial support is suddenly lost, which results in vasoconstriction, necrosis of the endometrium, and finally, menstruation (Sherman and Korenman, 1975) .
Definition of MenSCs
The uterine decidua is enriched in the menstrual blood, which then raises these questions: where do the adherent cells mainly originate? Are they homologous? Cui et al. (2007) , who demonstrated skeletal muscle differentiation of MenSCs in the murine model cure for Duchenne muscular dystrophy, reported that menstrual blood in decidua contains a heterogeneous population of cells rather than dead stem cells (Prianishnikov, 1978) . Endometrium consists of the epithelial layer and the underlying lamina propria. The lamina propria is structurally and functionally divided into the functionalis, which contains glands extending from the surface epithelium loosely held together by supportive stroma, and the lower basalis consisting of basal regions of the glands, dense stroma, and lymphoid aggregates (Gargett, 2007) . The upper two-thirds of the functionalis of the endometrium are shed during menstruation. In a recent study, fibroblasts that originate from the endometrium were proven to have no regenerative capacity . Mononuclear cells derived from bone marrow hematopoietic stem cells develop in the marrow cavity and remain in the blood for 2-3 d and subsequently migrate into surrounding tissues. Hence, menstrual blood may contain circulating bone marrow-derived mesenchymal stem cells (Taylor, 2004) . Stem cells in endometrium, also considered mononuclear cells, can be separated from blood cells with the modified selection media (Delo et al., 2006) . In addition, phenotypic analysis of endometrial stem cells revealed none of the hematopoietic stem cell markers such as CD34 and CD45. The medium was changed every third day, and the cells could be eventually purified. The cells are referred to as MenSCs, stem cells derived from menstrual blood which share some of the same characteristics for adhesion and plasticity as other endometrial cells (Borlongan et al., 2010) .
Recent studies have provided ample evidences for the existence of stem/progenitor cells present in human endometrium. Complete characterization of uterine stem/progenitor cells will improve our understanding of the support mechanisms of physiological regeneration in the female reproductive tract (Maruyama et al., 2010) . Human uterine endometrial cells were once established as a feeder layer to maintain the undifferentiated state of human embryonic stem cells, and the high expressions of embryotrophic factors and extracellular matrices play a vital role in their growth (Lee et al., 2005) . Although the current understanding of cyclic endometrium renewal is fragmentary, it is possible to construct a hypothesis of cyclic endometrial growth. What is the evidence for the putative stem cell existence in the endometrium? Human endometrium must contain a population of stem cells responsible for its remarkable regenerative ability as shown by Padykula (1991) in their surgical endometrectomy of mature rhesus monkeys. Thus, similar to what has been previously reported with bone marrow (Jiang et al., 2002) , menstrual blood contains a population of cells that can be expanded in culture and is able to express the phenotype of multiple lineages.
Characteristics of MenSCs
Adherent cells have been isolated from menstrual blood collected from females during the heaviest flow of their cycle (Meng et al., 2007) . These cells displayed stromal cell morphology in the serum-containing growth medium in a flask and doubled in number every 24 h. Chang's media for adhesion and proliferation were evidenced to be effective (Chang et al., 1982; Delo et al., 2006; Patel et al., 2008) . Mesenchymal surface markers, including cluster of differentiation 9 (CD9), CD29, CD44, CD49f, CD90, CD105, CD117, CD166, major histocompatibility complex class I (MHC I), and multipotent markers octamer-binding transcription factor 4 (Oct-4; the main regulator of differentiation in pluripotent cell line), stage-specific embryonic antigen 4 (SSEA-4; the marker used to differentiate between human and mouse cells and used to characterize pluripotent stem cells), and stromal-derived factor-1 (STRO-1; used as identification, isolation, and functional testing of human bone marrow stromal progenitor cells) (Meng et al., 2007; Patel et al., 2008) , were identified under fluorescent microscope or by flow cytometry.
Mesenchymal stem cells should also have their appropriate functional properties, not just the expressions of markers. Thus, a nuclear karyotype analysis and potential migration study should be performed. Stem cells derived from the menstrual blood can be largely expanded in vitro without any mutation or some other visible abnormality at the chromosomal level (Meng et al., 2007; Patel et al., 2008) . They maintain greater than 50% of telomerase activity even at passage 12 compared with that in human embryonic stem cells , and also appear to mildly express the chemokine receptor CXCR4 and the respective receptor for stromal cell-derived factor-1 (SDF-1), which play a significant role in the mediation of mesenchymal stem cell migration (Meng et al., 2007; Patel et al., 2008) .
There are reports investigating the feasibility of allogeneic transplantation into four cases of patients, using MenSCs (Zhong et al., 2009) . No immune response or related side effects were found after a one-year follow-up. This demonstrates that the low immunogenicity of MenSCs is more or less able to suppress the immune reaction in vivo. One-way mixed lymphocyte culture has been prepared to detect the immunosuppressive properties of menstrual blood derivative (Borlongan et al., 2010) . The low immunogenicity may be related to their immature immune system or the capacity of secreting immunosuppressive factors.
Overall, MenSCs are a unique cell population that can be safely isolated and provide an expandable source of stem cells from child-bearing aged women . Study of the characteristics of MenSCs would provide a new insight into the future treatment of various diseases.
Plasticity of stem cells

Definition of stem cell plasticity
With the study of stem cell biology progressing, researchers have found that some organs not only regenerate themselves, but also are capable of generating cells of other tissues under certain circumstances (Wagers and Weissman, 2004; Xiang et al., 2007) . This ability is called cross-system development and differentiation: plasticity. To prove the plasticity of adult stem cells, two conditions must be satisfied: (1) the self-renewal and ability to differentiate into at least one functional cell type of specific tissue, and (2) the concomitant loss of original tissuespecific markers and function, and acquisition of markers and function of the new cell type (Gargett, 2007) . Lakshmipathy and Verfaillie (2005) proposed three criteria for the definition of plasticity: (1) differentiation of a single cell into multiple cell lineages (Table 1) , (2) functionalities of differentiated cells in vitro and in vivo, and (3) robustness and persistent engrafting of transplanted cells.
Plasticity of adult stem cells can be summarized mainly by the mechanisms of trans-differentiation, dedifferentiation, homogeneity, and cell-cell fusion (Bjornson et al., 1999; Tanaka, 2003; Wang et al., 2003) . Previously thought to be associated with transcription factors and extracellular signal transduction, the stem cell plasticity is also subject to its regulation of the niches in which they reside. The niche provides support for the self-renewal and differentiation capabilities of the stem cells (Walker et al., 2009) .
Pluripotency refers to a stem cell that has the potential to differentiate into any cell line of the three germ layers. Pluripotent adult stem cells are rare and generally small in number but can be found in a number of tissues including umbilical cord blood and menstrual blood.
Establishment of micro-environment for differentiation
Cells proliferate quickly by continuous subculture in vitro, but this limits the characteristics of cell differentiation. Cultured cells may lose the capacity of expressing phenotypes of the cells they rooted in and also their functional abilities (Stock et al., 2010) . Thus, establishing the niches in vitro becomes the blue print of stem cell differentiation. The right simulation systems contain increased density of cells plated, intensive interactions of cell-cell and cellmatrix, and the addition of various differentiation factors in the culture medium. Numerous cytokines and growth factors have been shown to have a potent Meng et al., 2007; Hida et al., 2008; Patel et al., 2008; Li et al., 2010 ESCs effect on stem cell differentiation in vitro. However, these factors are difficult to determine because they are so complicated and numerous (Ikegami et al., 2010) . Furthermore, the timing, dosage, combination, and the introduction of appropriate extracellular matrix (ECM) in vitro differentiation may largely affect the differentiation process (Banas et al., 2007) . It may also be anticipated that any given differentiation condition in vitro will not fully reconstitute the environment (Stock et al., 2010) . The differentiation potential of endometrial stem cells has been investigated by many groups in recent years (Table 1) .
Differentiation into multiple cell lines
The multipotency of MenSCs has been demonstrated by directly differentiating them into chondrogenic, adipogenic, osteogenic, neurogenic, and cardiogenic cell lineages using the specific human mesenchymal stem cell differentiation bullet kit . The induction efficiencies have been evaluated. Tissue-specific markers of target cells were detected at the cellular and molecular levels. These studies laid the status of application of MenSCs in regenerative medicine. Similar work done by Meng et al. (2007) 's group has demonstrated that MenSCs are capable of differentiating in standard culture reagents into nine lineages: cardiomyocytic, respiratory epithelial, neurocytic, myocytic, endothelial, pancreatic, hepatic, adipocytic, and osteogenic. They found that these stem cells can produce matrix metalloproteinase-3 (MMP3), MMP10, granulocyte macrophage colony-stimulating factor (GM-CSF), angiopoietin-2, and platelet-derived growth factor (PDGF)-BB in quantities 10 to 10 000 times higher than umbilical cord blood cells.
Myogenic differentiation for myocardial infarction, Duchenne muscular dystrophy, and limb ischemia
The pluripotency of human endometrial-derived stem cells has been demonstrated in vivo and in vitro. Optimization of the induction system is now an important focus for stem cell research. Ikegami et al. (2010) recently claimed that they have established a fetal bovine serum (FBS)-free cardiomyogenic transdifferentiation assay system in vitro. They confirmed that the induction efficiency is greatly improved and is surprisingly at a higher level compared to that in serum-containing medium (Hida et al., 2008) . After a one-month proliferation, mesenchymal cells from nine different subjects' menstrual blood, co-cultured for 3 d with rat cardiocytes, began to beat naturally, exhibited cardiomyocyte-specific action potentials, and eventually transformed into a sheet of cardiocytes. The nurtured cells were transplanted into mice with myocardial infarction, which significantly improved their condition. The next step is to determine the key factors involved in converting mesenchymal cells in myocardial cells. Toyoda et al. (2007) reported on myogenic differentiation of MenSCs and cell fusion with host muscle cells in treating muscular dystrophy to restore dystrophin.
In other studies, endothelial progenitor cells and bone marrow mesenchymal stem cells were used to treat limb ischemia (Kalka et al., 2000; Iwaguro et al., 2002) . Vascular injection of cells into the sites of ischemia significantly improved limb ischemia with angiogenesis in the ischemic area. This has also been confirmed by Murphy et al. (2008) using MenSCs. The MenSCs in mice ischemic segments displayed the following characteristics: production of high level of growth factor and matrix metalloproteinase, inhibition of the inflammatory response, and proliferation and differentiation without losing any function. Although basic research indicates that the use of stem cells in improving the microcirculation is not very effective, it offers a new venue for those who may not respond to artery by-pass surgery.
Pancreatic differentiation for type I diabetes mellitus
In a recent well-designed study, endometrial mesenchymal stem cells (EMSCs) were induced to produce not only mesodermal and neuroectodermal lineage cells, but also pancreatic lineage cells in the serum-free modified pancreatic selection media. Microarray analysis showed that the expression levels of 716 genes changed between the primary and induced cells. Furthermore, a streptozotocin (STZ)-induced animal model of diabetes was used to demonstrate the ability of spheroid-like body (SB) EMSCs to engraft, differentiate in vivo, regulate blood glucose levels, and significantly prolong the survival of graft cells .
In addition, routine endometrium biopsy can also provide mesenchymal stem cell-like cells (Schüring et al., 2011) . The putative endometrial cells possess the stem cell-like properties in the aforementioned studies. Osteogenic, adipogenic, and chondrogenic differentiations were performed by using the selection media.
Neurogenic differentiation for neurological disorders
Pathophysiologic alterations of Parkinson's disease are mainly due to the degeneration of dopamine neurons in substantia nigra, leading to reductions in dopamine (DA) levels in the striatum. While drug therapy and surgery do not fundamentally solve the problem, transplanting dopaminergic neurons into the brains of patients with Parkinson's disease yields more promising results. Endometrial stem cells, in Wolff et al. (2010) 's study, were used to generate dopaminergic neurons for the transplantation into Parkinson's disease model mice. These cells differentiated into nerve axons in vitro and expressed CD90, PDGF-Rβ, and CD146, and neural markers nestin and tyrosine hydroxylase, but no CD45 or CD31. This approach can exert neuroprotection and rectify the behavior disorders following transplantation in experimental Parkinson's disease, and the engraftment of DA neurons can survive and form functional connections in the brain. In the earlier research, endometrial cells were converted into cartilage cells in vivo (Wolff et al., 2007) , which further proved the pluripotent potential of endometrial-derived mesenchymal cells. Those differentiated cells can express sulfate glycosaminoglycan and human articular cartilage collagen type II, the same as the normal cartilage cells (Wolff et al., 2007) .
Stroke is one of the therapeutic indications of stem cells. CD117 + cells selected from MenSCs were designed to target primary rat neurons injured by oxygen glucose deprivation (OGD) in Borlongan et al. (2010) . After OGD and adenosine-triphosphate (ATP) activity assays for cell viability were performed, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay for cell survival indicated neuroprotection of the MenSCs. Cells were then implanted directly into the striatum of a rat model for stroke induced by surgery. Behavioral tests, morphology analysis, and stem cell phenotypic marker analysis show that the treatment was successful 14 d post-transplantation. This provided evidence for the therapeutic potential of MenSCs and simultaneously confirmed that cell replacement is not the mode of action in this model. Finally, robust expressions of specific markers and changes in cell morphologies of MenSCs occurred upon exposure to agents known to regulate stem cell differentiation, which supports the hypothesis that these cells may be an important source for scientific research. The differentiated cells with specific functions and the undifferentiated cells will migrate to damaged areas of the body, restoring some of the features of the site and also avoiding the side effects of traditional drug therapy.
Conclusions
Mesenchymal stem cells can be harvested from menstrual blood, uterine curettage, hysterectomy, or the routine endometrial biopsy. Stem cells obtained from menstrual blood avoid invasive procedures and the ethical controversy of embryonic stem cells. These cells display stem cell-like phenotypic markers and show great potential for self-renewal, plasticity, and undifferentiated proliferation for long periods of time in vitro. Menstrual cycle dependency of Oct-4, a marker involved in the self-renewal of undifferentiated embryonic stem cell, also exists in the endometrium and is independent of hormone-induced cyclical changes of the endometrium (Bentz et al., 2010) . Compared with embryonic stem cells, the marker expressed in endometrium may not truly exhibit pluripotent features, including teratoma formation similar to the amniotic fluid stem cell (de Coppi et al., 2007; Borlongan et al., 2010) . More importantly, the low immunogenicity and the absence of tumor formation have been observed in previous studies (unpublished data), suggesting that they are safe for scientific research.
A large number of studies have shown that MenSCs are a population of pluripotent cells. They are capable of differentiating into specific-tissue cells of three germ layers both in vitro and in vivo, and play an important role in improving the disease status of studied models. However, a significant portion of the current research on the plasticity of these cells has been based on the cell population without purification.
The population may involve many other cells that have not been identified. Reports to date have not indicated whether a single cell or cells with the same genotype possess these remarkable features of differentiation. Physical and chemical characteristics of stem cells are related to the regulation of their differentiation. Much still needs to be investigated to fully identify the superiority of MenSCs for basic research and clinical applications.
